Optical studies and observations of electrode cathodic charge reversibility suggest a bulk rather than local effect in the electrolytic rectification behaviour of Ti and Nb electrodes. The proposed model involves reversible incorporation of hydrogen into the surface oxide films where it acts as a donor impurity. Applicability of the model to A1 and Zr electrodes is discussed.
INTRODUCTION
The term "valve metals" for that group of elements. which includes Ta, Nb, Zr, A1, Ti, Hf and W, dates from an early research period which stressed the characteristic property of rectification of these oxide coated metals in most electrolytes (the forward direction is cathodic). Under reverse-bias, the anodic current flowing is generally due to growth of the surface oxide film by ionic transport. It is the fundamental difference in mechanism for the anodic and cathodic current that gives rise to the asymmetric current-voltage characteristics; the anodic current flow is only significant at high fields.
While the anodic film growth has been studied extensively and interpretation is at an advanced stage cathodic behaviour has drawn a diversity of proposed mechanisms 2 involving bulk or local effects from which it would appear that there is no single common cause of this phenomenon.
Recent studies 3 of filmed Nb and Ti electrodes at optical frequencies during the passage of cathodic current add considerable support to the theory of electrolytic rectification based on rapid entry of hydrogen into the bulk oxide film. In the present work some dynamic current-voltage characteristics of filmed Ti, Nb and A1 electrodes are reported and interpreted in terms of reversible hydrogen incorporation.
EXPERIMENTAL 2.1 Electrodes
Spectroscopically pure Ti, Nb and A1 in the form of rods were used. Specimens were firstly anodised to ca. 100 V, dried and sealed in "Araldite" epoxy resin. Sealed rods were then abraded to expose a crosssection of metal (0.039, 0.71 and 1.92 cm 2 for Ti, Nb and A1 respectively). Ti and Nb surfaces were polished on increasingly fine paper and, finally, with alumina paste (particle size, 5-30nm (Figure 4 ), but an increasing anodic current near the anodic voltage limit appeared after a few minutes of cycling at low frequencies (0.1 or Hz) and persisted at higher frequencies. A corrosion product was found to accumulate on the electrode surface.
RESULTS
The dynamic current-voltage traces were highly asymmetric and were invariant with time or rapidly became so at eacla frequency. Reproducibility was dependent upon previous cycling history (see "Discussion").
The general behaviour of Nb and Ti electrodes, filmed or as-polished, is shown in Figure 2 . In the cathodic-going half cycle non-linearly increasing currents are passed at low cathodic potentials (w.r.t. calomel electrode) but become nearly ohmic by -3 V. In the reverse direction (anodic-going)a negative resistance characteristic appears in the form of a current peak. At Hz and below, The effect of increasing cycling frequency on Ti and Nb electrodes was to distort the current-voltage relationship ( Figure 5 ) until it became indistinguishable at high frequencies, e.g. at 10 kHz for Ti electrodes ( Figure 6 ). Nb electrodes were less able to retain their low frequency characteristics which disappeared at kHz. Filmed A1 electrodes showed similar "hysteresis" effects at 100 Hz and above ( Figure 4 ). clear that while all electrodes show decreasing charge acceptance per cycle (cathodic and anodic) with increasing scan rate (or frequency) for a given amplitude, they each possess a different charge or discharge acceptance (at most frequencies) decreasing in the order: Ti, Nb, A1 (despite the wider cycling limits used, filmed A1 still shows the lowest acceptances). The "reversibility" of charge acceptance as indicated by the magnitude of equal cathodic and anodic charges per cycle decreases in the same order, viz. Ti, Nb, A1. 
DISCUSSION
There is a considerable amount of evidence in support of weak spot theories of electrolytic rectification2'4. Theories based on microfissures in the anodic oxide film have been specifically rejected on the basis of experimental observations though it seems that locally, high conductivity effects due to impurity concentrations or structural changes could not be excluded. Electrolytic rectification is not believed to be a property of the film/electrolyte interface6 '7. In the presence of a metal rather than an electrolyte interface, rectification occurs in anodically grown films and p-n or p-i-n junction theories seem to apply s' 6 13 we were careful to avoid this complication by using low current densities-verified by scanning electron microscopy. We found that a characteristic of cathodic polarization of cracked films was that of a high apparent film conductivity independent of film thickness in contrast to the behaviour of crack-free films, and suggested a dominant local effect. This effect was similar to that for electrodes filmed to 80 V where some tleid recrystallisation of anodic oxide film on niobium had occurred 3; film conductivity, as measured at short times (or high frequencies) was nearly two orders of magnitude higher than expected, which was presumably due to higher electronic conductivity of the recrystallised region It is more likely that irreversible formation of hydride or accumulation of gaseous hydrogen at the metal/oxide interface is the effect rather than the cause of low reversibility. Ti, which shows the highest reversibility, is known readily to form a stable hydride 9 Reversibility seems to be related to the ease with which hydrogen enters the oxide film; the resulting increase in conductivity raises the rate of entry in an "auto-catalytic" manner. From Tables to III it is evident that, except at 0.1 Hz, the more reversible the electrode is, the larger the capacity for hydrogen uptake for a given frequency, amplitude and thickness of surface film (the naturally formed surface film on Ti and Nb electrodes after polishing is --5 nm2). (Table I ).
The cathodic current peak exhibited by Ti elec-. trodes at low frequencies is a result of the reversible faradaic reaction occurring within the oxide film giving rise to a low film impedance. 3 Charging reversibility is probably related to the ease of charge separation from hydrogen dissolved in the oxide films, and to the susceptibility to electrolytic rectification (as defined by the high frequency limit and voltage amplitude requirements).
